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Polaronic signatures in mid-infrared spectra: Prediction for LaMnO 3 and CaMnO3
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Hole-doped LaMnO3 and electron-doped CaMnO3 form self-trapped electronic states. The spectra of these
states have been calculated using a two orbital~Mn eg Jahn-Teller! model, from which the nonadiabatic optical
conductivity spectra are obtained. In both cases the optical spectrum contains weight in the gap region, whose
observation will indicate the self-trapped nature of the carrier states. The predicted spectra are proportional to
the concentration of the doped carriers in the dilute regime, with coefficients calculated with no further model
parameters.
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I. INTRODUCTION

Qualitative discussions of optical absorption fro
polarons1 have often been given. For the heavily doped m
ganites such as La0.7Ca0.3MnO3, polarons form at tempera
turesT>Tc'250 K where ferromagnetic order is lost. Dr
matic thermal shifts of optical conductivity2 agree3 with the
qualitative polaron picture.4 In the lightly doped end-membe
compounds LaMnO3 and CaMnO3, polarons must exist a
low temperature in the spin and orbitally ordered states.
have previously5–9 calculated the properties of these p
larons in the Mneg Jahn-Teller~MEJT! model.10 Here we
point out that the polarons have a rich spectrum of lo
excited states. We provide a quantitative calculation of
corresponding polaron-induced midinfrared absorption. T
transitions between these local levels are broadened by
Franck-Condon effect since each local level prefers its o
rearrangement of the lattice. This is a general phenome
expected in many insulators and may account for midin
red absorption in other systems as well.11

In the usual theory of small polaron absorption,1,12 an
electron is trapped at a single site in a nondegenerate orb
The photon permits a transfer of the electron to a first nei
bor site. Direct transfer to the gound state first neighbor
laron ~corresponding to dc conductivity! is exponentially
suppressed by unfavorable vibrational overlap~‘‘Huang-
Rhys’’! factors. The largest vibrational overlap is for tran
tions into states whose maximum amplitude overlaps w
the zero-point motion of the distorted polaron on the origi
site. A Gaussian envoelope of Franck-Condon vibratio
sidebands is predicted. The cases considered here diff
three ways.~1! Our electron levels are doubly degenera
before distortion.~2! Hund’s energy is large which block
hopping unless the neighbor atom has spin ferromagnetic
aligned.~3! Our polarons are not strictly confined to a sing
site, and consequently have localized excited states in
self-organized potential well. These complications are not
unique to manganites, and should affect polaronic absorp
in other materials as well.

Pure LaMnO3 has a single Mnd electron in theeg doublet
@c25(x22y2)/A3,c353z22r 2#. Therefore there is a coop
erative Jahn-Teller effect resulting in orbital ordering. T
peak13,14near 2 eV ins(v) is interpreted14,8 aseg→eg tran-
0163-1829/2002/65~20!/205207~6!/$20.00 65 2052
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sitions across the Jahn-Teller~JT! gap. Pure CaMnO3 has no
eg states occupied, ands(v) peaks at 3.6 eV~Ref. 14! due
to excitations across the gap between occupied (O 2p and
Mn t2g↑) states and empty (Mneg↑) states. These material
are insulating antiferromagnets~AF! with the nice property
of being continuously dopable. Here we focus on two cas
x512e ~electron-doped CaMnO3) and x5e ~hole-doped
LaMnO3.! Both materials are insulators when pure, and
main so when lightly doped because of polaron formatio

We use the model HamiltonianHMEJT5Ht1Hep1HL
1HU ~Refs. 5, 6! similar to the one used by Millis,10 except
that we haveU5` for LaMnO3. For CaMnO3 we include
also thet2g AF exchange termHJ and do not need the Hub
bardU term for dilute doping. Twoeg orbitals per Mn atom
are kept to fully represent the symmetries of the orbitals a
the crystal, and to drive JT distortions. In the hopping ter

Ht5 (
l ,6,ab

(
d5x,y,z

tab~6 d̂ !ca
†~ lW6 d̂ !cb~ lW !, ~1!

there is only one parameter, namely, the nearest-neighbt
5(dds) integral from Slater-Koster two-center theory.
the electron-phonon interaction, we include both the oxyg
breathing vibrationsQ1 and the localEg-type oxygen mo-
tions (Q2 ,Q3) which give the Jahn-Teller distortion

Hep52g (
lW,ab

ca
†~ lW !cb~ lW !@Q3~ lW !sab

z 1Q2~ lW !sab
x

1A2Q1~ lW ! Î ab#. ~2!

The indicesa andb run though orbitals (c2 ,c3). HL is the
lattice elastic energy of oxygen displacement along M
O-Mn bond directions with an Einstein restoring force. No
that the JT modesQa( lW) and Qa( lW8) are not independen
when Mn siteslW and lW8 are first neighbors, since the inte
vening oxygen is shared by both Mn atoms~this is called the
‘‘cooperative’’ phonon effect.!

At the LaMnO3 end of the phase diagram, the domina
term of the Hamiltonian after electron-electron repulsion
Hep . Instead of delocalizing in a conduction band, holes
lightly doped LaMnO3 lower their energy more by self
trapping with local oxygen rearrangement, forming ‘‘an
©2002 The American Physical Society07-1
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JT’’ small polarons.5 This model leads us to a new assig
ment of the 2 eV optical absoption peak,8 namely, it is an
on-sited→d transition with formation of a vibrational ex
cited self-trapped exciton~or orbiton!. Our picture agrees
fairly well with recentT-dependent measurements on a d
twinned single crystal of LaMnO3 by Tobeet al.15 Specifi-
cally our model account for the thermal broadening of
2eV peak and its lack of sensitivity to the Neel transition
TN5140 K, where spin order is lost. This lack of sensitivi
contradicts with theories which assign the transition to int
atomic d→d transitions.16 However, the experimenta
intensity15 is stronger forab-polarized light whereas ou
theory predicts stronger intensity inc-axis polarization. Our
calculations8 use the phonon assisted mechanism to activ
dipole forbiddenon site d→d transition corresponding to th
G point of the Brillouin zone. We ignored dispersion of th
exciton band due to the electron-phonon induced hoppin17

and the correlated hopping mechanism (t2/U).18 From both
processes the dispersion of the exciton band is small. H
ever, the dipole forbidden transition becomes allowed aw
from theG point and will contribute to the anisotropy of th
optical conductivity spectra.

At the CaMnO3 end, at the cost of AF exchange energ
spin flipping in the AF background allows the doped-in ele
tron to lower its energy by delocalization. This spin-polar
effect competes with a localizing JT polaron effect fro
Hep . The competition determines the size of the spin-latt
polaron.6

In this work we calculate the excitation spectrum of t
spin-lattice polaron in CaMnO3 by the Born-Oppenheime
approximation, and for LaMnO3 we calculate the excitation
spectrum of the self-trapped hole in a Cho-Toyozawa19 ap-
proximation. Our nonadiabatic solutions allow us to calc
late the Franck-Condon broadened optical excitation spe
of these lightly doped materials and predict new spectral
tures that should be experimentally visible.

II. SPIN-LATTICE POLARON SPECTRUM
IN DOPED CaMnO3

Undoped CaMnO3 has Mn41(t2g
3 ) ions withS53/2 on an

approximately simple cubic lattice, and bipartite (G type! AF
order belowTN5125 K. One single doped-in electron wi
align with theS53/2 core spin by Hund coupling. Hoppin
to first neighbors is then blocked by the AF order. To redu
energy by delocalization, one MnS53/2 atom flips. Then
the nearby oxygens distort, to lift theeg degeneracy. This
provides a lower energy state for the doped-in electr
which can be described as a seven-site spin-lattice polar6

The parameters were chosen to beutu/JS25158, and G
5g2/Kutu50.25. Each of the seven Mn atoms provides t
eg orbitals to form a 14-dimensional Hilbert space in whi
the doped-in electron is partially delocalized.

The ground state of this polaron is calculated in adiab
approximation. With the local oxygens distorted in the op
mized pattern, the ground state lies in the gap with ene
lowered from theeg band by22.13utu. The remaining 13
excited states contain three dipole-allowed optical exc
tions. By reoptimizing the oxygen distortion pattern, the
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states~with original energies 1.20utu and 1.93utu above theeg
band! can have their energy lowered to sit below theeg band
by 20.67utu. When the electron is optically excited to one
these states, oxygens do not have time to rearrange to a
optimal pattern, and therefore are left in a combination
vibrationally excited states with respect to the reoptimiz
oxygen pattern of the electronic excited state. The Fran
Condon principle therefore applies and gives vibratio
sidebands. The energy level diagram is shown in Fig. 1.

To examine the optical spectrum of this seven-site pola
surrounded by 36 oxygens, we start from one of the th
symmetry-equivalent electronic ground statesc0(rW,uW 0) ~e.g.,
u506! with local lattice distortion uW 0

5(u0,1,u0,2, . . . ,u0,36) which minimize the energyE0(uW ) of
the ground state. For distortionsuW near u0

W , the vibronic
eigenstates associated with the electron ground state ar
proximated by the Born-Oppenheimer product

C0,n~rW,uW !5c0~rW,uW 0!)
i 51

36

f i ,ni
~ui2u0,i !, ~3!

wheref i ,ni
(ui2u0,i) is theni phonon state of the harmoni

oscillator centered atu0,i . The usual approximation is mad
here thatc0(r ,uW ) can be accurately represented byc0(r ,uW 0).
The true electronic ground state varies slowly withuW , and
also depends on the directionuW 2uW 0 of deviation fromuW 0,
but corrections are small at low temperatures where the
tial state is not vibrationally excited. Then the adiaba
ground state energy sheetE0(uW ) depends quadratically on
(uW i2uW 0,i) and we treat the oxygens as 36 independent E
stein oscillators, with energies

FIG. 1. Energy level diagrams for self-trapped states, relative
the lowest energy of a state in an undistorted environment. On
left are electron states in CaMnO3 on the right are hole states i
LaMnO3. The lowest level is the ground state of the doped ineg

electron, bound by spin and lattice distortions. The dipole-allow
excited levels shown vertically keep the ground state distorti

~dashed lines forEuuẑ and solid lines forE' ẑ). Shown to the right
are the relaxed energy levels corresponding to these excited s
and the shaded regions represent vibrational excitations acco
nying the optical transitions.
7-2
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POLARONIC SIGNATURES IN MID-INFRARED . . . PHYSICAL REVIEW B65 205207
E0,n5E0~uW 0!1\v(
i 51

36 S ni1
1

2D . ~4!

Among the 13 polaronic excited states, there are o
three states that couple to the ground state by light. They
ucz&[(uc3 ,ẑ&2uc3 ,2 ẑ&)/A2 and two other states whic
are rotations ofucz& to x̂ and ŷ directions. Hereuc3 ,ẑ& de-
notes thec3 orbital of the Mn atom sitting immediately
above the central Mn. These three excited states have
own optimal lattice distortion patternsuW z , uW x , anduW y . Start-
ing from uW 0, these electronic states remain eigenstates a
the paths towardsuW z , uW x , and uW y in the lattice distortion
space. Therefore in these chosen directions, the vibr
eigenstates associated with the electronic excited states
the product form, e.g.,

Cz,n~rW,uW !5cz~rW,uW z!)
i 51

36

f i ,ni
~ui2uz,i !. ~5!

Consider the optical excitation fromC0 to Cz for ex-
ample. TheT50 K spectrum is given by

s0~v!5
pe2N

V\ (
n8

u^ f ,n8u ê•pW u i ,0&u2dS D

\
1n8v02v D .

~6!

The matrix element has both an electronic part and a pho
part. The electronic part involves the momentum matrix e
ment ^czupzuc3,0&, where uc3,0& denotes thec3 orbital of
the central Mn atom. This matrix element is^czupzuc3,0&
5 ima/\^czuHtuc3,0&, wherem is the electron mass anda
the lattice constant. This result can be derived by looking
FM spin order, and requiring that the corresponding F
Bloch eigenstatesukW & of Ht @with energye(kW )# should have
velocity ^kW upz /mukW &5]e(kW )/]\kz .

The phonon part of the matrix element isu^n8,uW zun,uW 0&u2,
where the initial lattice vibrational state hasn vibrational
quanta relative to the oxygen equilibrium positionsuW 0. The
lattice vibrational state is unchanged during the electron
citation, but must be expanded in the new basis~denoted by
quantan8) around the new oxygen equilibrium positionsuW z .
We consider only zero temperature optical conductiv
which restricts the initial vibrational quantum numbersn to
be zero. The nonzero overlaps of this initial phonon st
with the new phonon basis states of the displaced lattice
a spectrum with a Gaussian profile of delta function peak
the multiphonon transitions accompanying the electron e
tation. The phonon frequency is taken to be\v50.084 eV.
This is a little higher than the stretching frequency repor
from Raman data,20 but the discrepancy does not affect o
conclusions. The hopping integralt is taken from density-
functional calculations21 to bet520.75 eV. The delta func-
tions are broadened into Gaussians of widthAn8g whereg
50.014 eV andn8 is the total vibrational quantum. Th
results are shown in Fig. 2.
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III. POLARONIC SPECTRA IN HOLE DOPED LaMnO 3

In LaMnO3 the electron-phonon termHep stabilizes an
orbitally ordered ground statevia a cooperative JT oxygen
distortion. We use the same model as in CaMnO3, with dif-
ferent filling, and fit it to the JT ground state. We previous
used this model to predict the resonant multiphonon Ram
cross section9 and the angle resolved photoemission sp
trum including the Franck-Condon broadening.7 The photo-
emission process creates a sudden hole without time for o
gen relaxation. Thus it is in a vibrationally excited state.
the doped compound a hole is initially present in its grou
vibrational state in a locally distorted oxygen environme
The zeroth order electronic many-body wave function ha
holeh in the orbital at the origin 0~taken arbitrarily to be an
x-oriented orbital! in an otherwise perfectly correlated sta
with oneEg electron per atom

uh0&5cX~0!uJT&,

uJT&5)
l

A

cX
†~ l !)

l 8

B

cY
†~ l 8!u0&. ~7!

Here the orbitalscX andcY are orthogonalx- andy-oriented
orbitals (c26c3)/A2. Moreover, Mn31 spins in pure
LaMnO3 originally have ferromagnetic orientation inxy
planes but antiferromagnetic orientation in theẑ direction
~AFA-type!. According to our previous discussion, LaMnO3,
a localized hole~Mn41! will flip into parallel orientation the
adjacent Mn31 spins in the6 ẑ directions~spin polaron ef-
fect!.

At the next level of approximation the stateuh0& is
coupled to 18 other states. Six of these states keep the ho

FIG. 2. Polaron-induced optical conductivity spectra of ligh

doped CaMnO3. ~a! The dashed curve is forE' ẑ and the solid line

for Ei ẑ. Vertical lines present the adiabatic solution under fix
oxygen distortions and show the peaks at 2.50 and 3.05 eV.~b! In
~a!, the solutions belong to one of the possible ground statesu
50) ~Ref. 6!. There are two other possible ground states with o

entationsu52p/3 andu54p/3, which permute the directionsx̂, ŷ

andẑ. Therefore we show the average spectrum. The absolute v
of s(v) is shown for 10% electron doping.
7-3
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CHEN, PEREBEINOS, AND ALLEN PHYSICAL REVIEW B65 205207
the origin but have an orbital defect, or ‘‘orbiton’’o on one
of the surrounding Mn sites6 l̂ where l̂ is x̂, ŷ, or ẑ,

uh0,o6 l̂ &5cX
†~6 l̂ !cY~6 l̂ !uh0&. ~8!

Six more states have the hole moved to the neighboring
site, with no orbital defect

uh6 l̂ &5cY~6 l̂ !cX
†~0!uh0&. ~9!

The last six states have the hole on a neighbor and lea
misorienteduY& orbital at the origin

uh6 l̂ ,o0&5cY~6 l̂ !cY
†~0!uh0&. ~10!

The HamiltonianHMEJT becomes a 19319 matrix in this
truncated Hilbert space.

In the adiabatic solution of the zeroth order hole grou
state uh0&, the neighboring oxygens in6 x̂,6 ŷ,6 ẑ direc-
tions are distorted to positions given in Table I, row 1, whi
minimize the polaron energy.5

With the oxygen pattern frozen in these positions, the
agonal element̂h0uHepuh0& is set to zero. NonzeroQ3 dis-
tortions on the neighboring sites couple the stateuh0& to the
six orbital excitationsuh0,o6 l̂ &. Row 2 of Table I gives the
diagonal elementŝh0,o6 l̂ uHepuh0,o6 l̂ & and row 3 gives
the corresponding off-diagonal elements. The electron h
ping termHt couples the stateuh0& to states with the hole

TABLE I. The parameters of the single-hole version of Ham
tonianHMEJT for oxygen displacements~row 1!, the diagonal ele-

ments^h0,o6 l̂ uHuh0,o6 l̂ & are shown in row 2, the off-diagona
coupling elementsgQ3( l ) are in row 3, the diagonal elements^h
6 l̂ uHuh6 l̂ & are in row 4, the diagonal elements^h6 l̂ ,o0.uHuh
6 l̂ ,o0& are in row 5. The relaxed energies of each of the sta

uh0,o6 l̂ & are in row 6,uh6 l̂ & are in row 7 anduh6 l̂ ,o0& are in
row 8. The parametersal

i , bl
i and t l

i ( i 51,2,3) used in Eq. 11 are
given in the rest of the table.

l̂ 5 6 x̂ 6 ŷ 6 ẑ

1 6(A4/321)g/K 7(A4/311)g/K 7A4/3g/K
2 (722/A3)D/4 (712/A3)D/4 2D

3 (2A21A6)D/24 (2A22A6)D/24 2A2D/6
4 37D/24 37D/24 40D/24
5 61D/24 61D/24 64D/24
6 (322/A3)D/4 (312/A3)D/4 D

7 0 0 0
8 (312/A3)D/4 (322/A3)D/4 D

al
1 D D D

al
2 37D/24 37D/24 40D/24

al
3 (43/324/A3)D/8 (43/314/A3)D/8 40D/24

bl
1 (624/A3)D/8 (614/A3)D/8 D

bl
2 0 0 0

bl
3 (614/A3)D/8 (624/A3)D/8 D

t l
1 (21A3)t/4 (22A3)t/4 t/2

t l
2 (21A3)t/4 (22A3)t/4 t/2

t l
3 (22A3)t/4 (21A3)t/4 t/2
20520
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moved to the one of the six neighboring sites, both witho
@Eq. 9# and with @Eq. 10# an orbital defect. The energies o
these states are given in Table I rows 4 and 5.

Diagonalization of this 19319 matrix gives the ground
state polaron solution and the excited spectra. Among the
excited states, there are 9 odd states which are couple
light to the even parity ground state with momentum mat
elementŝ Cu p̂uh0&5 ima/\^CuHtuh0&, whereas the other 9
even states are optically silent. No new parameter is nee
for dipole matrix elements to predict the absolute value
s(v). The spectra would consist of 9 delta functions, thr
for E-field polarized inẑ directions'(v) and six fors i(v)
shown by vertical lines on Fig. 3,~a!. The parameters were
chosen to beD50.95 eV, t50.5 eV, \v50.075 eV, and
Mn-Mn distancea54.0 Å.

In order to investigate the lattice-coupled electronic ex
tation, the surrounding oxygens should be allowed to vibra
Since the frozen oxygen positions are not optimal for
excited hole states, Franck-Condon vibrational sideba
should appear in the optical spectrum. Assuming that
individual vibrational sidebands are not energy resolv
there will be broadening by an amount roughly equal to
energy gain due to structural relaxation. In order to quant
tively describe the process, a theory beyond the adiab
approximation is needed.

We use an approach similar to that applied to descr
photoemission in the undoped material.7 The method was
proposed by Cho and Toyazawa,19 who used an infinitely
large truncated Hilbert space to diagonalize a 1D polaro
Hamiltonian. For each of the states appearing in Eqs.~8!, ~9!,
and ~10!, we reoptimize the positions of the 6 oxygens s
rounding the hole. The relaxed energies are listed in Tab
rows 6, 7, and 8. Notice that for each of the states in Eq.~8!,
the energy gain from relaxation isD, similar to exciton cre-
ation in the parent compound.8 Each of these states, includ

s

FIG. 3. Polaron-induced optical conductivity spectra of ligh

doped LaMnO3. ~a! The dashed line is forEi ẑ and the solid line for

E' ẑ. Vertical lines is an adiabatic solution~frozen oxygen distor-
tions!. The nonadiabatic spectra consist of three and six Fran

Condon broadened peaks forEi ẑ andE' ẑ, respectively.~b! Shows
the average over polarizations. The overall spectral weight is p
portional to the hole concentration and is given for 10% doping
7-4
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POLARONIC SIGNATURES IN MID-INFRARED . . . PHYSICAL REVIEW B65 205207
ing uh0&, is now allowed to have arbitrary number of vibr
tional quanta of the surrounding oxygens around th
reoptimized positions for that particular state. This adds
ditional vibrational multiplesn\v to the relaxed energy. In
this chosen basis, theHep1HL term of the Hamiltonian is
diagonal. The complete Hamiltonian with the off-diagon
termHt can be diagonalized exactly. The hole ground stat
not vibrationally excited at zero temperature, and the e
tronic part of this ground state has even symmetry which
coupled by light to odd excited states.

The Cho-Toyozawa calculation can be simplified by
noring the sharing of the oxygens by its two nearest
neighbors. This partial removal of the ‘‘cooperative phono
constraints was found in our photoemission calculation7 to
make only a small error. The energies of the odd parity sta
can be obtained as roots of the following analytic equatio

Gl
1~E!Gl

2~E!1Gl
1~E!Gl

3~E!51,

Gl
i~E!5t l

iexp~2al
i ! (

n50

`
1

E2bl
i2n

~al
i !n

n!
. ~11!

The rootsE give energies of the excited states for light p
larized in l 5 x̂,ŷ,ẑ directions. The parametersal

i , bl
i , andt l

i

in Eq. ~11! are given in Table I. The meaning of paramete
al

i is the energy gain due to the structural rearrangement.
parametersba

i are energies of the electronic excited states
vibrational ground state with relaxed oxygen distortions. T
hopping matrix elementsta

i couple the ground state to th
electronically excited states and they are proportional to
dipole matrix elements of the allowed transitions. The p
rametersD and t used in Eq.~11! are all in units of\v
575 meV.

The energy of the ground state is lowered by 0.39 eV d
to the hole delocalization on the neighboring sites such
only 83% of the polaron is present on the central site. T
value is very close to the estimation by second order per
bation theory,5 which gives 20.167t/G20.488Gt
50.41 eV @G5D/(8t)#. The excitation spectrum is mea
sured from the renormalized ground state energy and sh
on Fig. 3. It should be noted that the electronically exci
states have their maximum weight on the neighboring s
and are not allowed to lower their energies by spreading
the next neighboring sites due to the truncation of the Hilb
space. We have done an estimate of the finite Hilbert sp
effect by comparing the adiabatic spectra using 19 electro
states on 7 sites with those from the 79 states on 27 s
including the next neighboring atoms. The spectrum in
.

tt.
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larger basis has been shifted by approximately 0.3 eV
lower energies. The energy peak positions and relative in
sities in the adiabatic solution follow the trend of the non
diabatic result@see Fig. 3~a!#. We expect an overall shift o
the spectrum in Fig. 3 to the lower energy by about 0.3
such that the the spectrum sets in at about 0.7 eV.

IV. CONCLUSION

The particular details for the manganites show that int
esting processes occur which were not fully anticipated
the discussions previously given.1,4 Similar processes shoul
be at work in other insulators such as cuprates and n
elates.

New spectral features are predicted to appear in the
gap of lightly doped LaMnO3, and in the insulating gap o
lightly doped CaMnO3. The excitation spectra are calculate
in nonadiabatic Born-Oppenheimer or Cho-Toyozawa
proximation. These excitations are dipole allowed with
pole matrix elements proportional to the hopping parame
t.

In the highT paramagnetic phase, in a mean field appro
mation, spin disorder has the effect of reducing the param
t by 30%. This estimate suggests that the spectral weight
to hole excitations in LaMnO3, for example, is reduced by
50% above the Ne´el temperatureTN'140 K,22 whereas the
orbiton excitation centered at 2 eV~Ref. 8! is not sensitive to
magnetic order and hence is temperature independen
CaMnO3, aboveTN'125 K,22 spin polarons should persis
in disordered and increasingly delocalized form. This w
cause the spectrum of Fig. 2 to broaden and shift to low
energy.

Our picture makes the prediction that, at frequencies w
below the lowest weak peak in the subgap region, th
should be a weak Urbach tail with characteristic Urbach te
perature dependence. The tail is from the lowest-energy
cesses, and are weak because of small vibrational ove
The available experimental data14 on doped compounds
agree with our picture. Further experiments on more ligh
doped materials, and especially transmission experim
through thin single crystals, would give a better test of o
theory.
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